F eline herpesvirus-1 infection is one of the most common infectious diseases of cats and is probably the most common cause of ocular disease.
F eline herpesvirus-1 infection is one of the most common infectious diseases of cats and is probably the most common cause of ocular disease. 1 Feline herpesvirus-1 is a cytopathic DNA virus that replicates in the respiratory, nasal, pharyngeal, and conjunctival epithelia of cats. The virus is transmitted among cats via direct contact with infected ocular and respiratory tract secretions. As with other alphaherpesviruses, neuronal latency develops after primary infection with FHV-1 in as many as 80% of cats. [2] [3] [4] Spontaneous and stress-related recrudescence of the virus occurs in approximately 50% of cats with latent infections. 5 Many cats that shed FHV-1 develop clinical disease with recurrent conjunctivitis and keratitis being the most common ocular signs. 6 Topical ophthalmic antiviral medications commonly used for the treatment of FHV-1 are vidarabine, Effect of topical ophthalmic application of cidofovir on experimentally induced primary ocular feline herpesvirus-1 infection in cats trifluridine, and idoxuridine. The current recommendation is to administer these drugs at least 4 to 6 times daily for 2 to 3 weeks. Trifluridine and idoxuridine are the most efficacious against different FHV-1 strains 1 but may be highly irritating. The combination of frequent application and accompanying ocular discomfort often leads to poor owner compliance and inadequate treatment of affected cats. A nonirritating antiviral drug that is effective and long-acting (thereby reducing the frequency of administration) would be a major improvement over what is currently available for treatment of FHV-1 ocular disease. The purpose of the study reported here was to evaluate the efficacy of twice-daily application of 0.5% cidofovir solution in eyes of cats with experimentally induced primary ocular FHV-1 infection.
Materials and Methods
Study population-Twelve 6-month-old sexually intact male specific-pathogen-free kittens were purchased from a commercial breeder. The cats were allowed to become adapted to their new surroundings for 1 month prior to beginning the study. To confirm that the cats were not previously infected with FHV-1, conjunctival swabs from each eye were tested via virus isolation a and PCR assay 7 ; results of an ELISA indicated that the cats were seronegative for anti-FHV-1 antibodies. 8,b A CBC and serum biochemical analyses were performed on each cat during the adaptation period and 10 days after initiation of medical treatment. Cats were randomly assigned to either the treatment (n = 6) or control group (6) prior to viral inoculation. Ocular infection with FHV-1 was induced in all cats via inoculation of both eyes with 10 4 plaque-forming units of a plaque-purified FHV-1 field strain, as previously described. 9, 10 This study was conducted with approval of the Animal Care and Use Committee of the Colorado State University.
Drugs-Cidofovir
c is commercially available only for IV use but has been formulated as an ophthalmic solution (0.2% to 1%). [11] [12] [13] [14] For use in the study, 0.2 mL of the commercially available concentration of cidofovir (75 mg/mL) was diluted in 2.8 mL of 1% carboxymethylcellulose d to achieve the desired concentration of 0.5% cidofovir (5 mg/mL); the solution was stored in plastic bottles at 4°C. The placebo solution (1% carboxymethylcellulose) was handled and stored in the same manner. The cats in the treatment group were administered 1 drop of 0.5% cidofovir solution topically in each eye, and the cats in the control group were administered 1 drop of the placebo solution topically in each eye; both groups were treated twice daily for 10 days, beginning on day 4 after inoculation.
Clinical score-For 24 days after inoculation, each cat was evaluated by use of a previously described clinical scoring system 15 with a modification of the blepharospasm score (Appendix). A blepharospasm score of 0 (representing no eye closure) through 4 (> 75% eyelid closure) was assigned to each cat. Assessments were performed daily by 1 of 2 trained evaluators (JPF or CCP) who were unaware of the group assignments. Conjunctivitis, blepharospasm, and ocular discharge were grouped together as the ocular score. The total clinical score also included the respiratory clinical signs (sneezing and nasal discharge). Higher clinical scores represented more severe clinical signs.
Real-time PCR assay-To obtain cells and ocular fluid samples, standard cotton-tipped wooden applicators were gently rolled in the ventral conjunctiva of both eyes (1 swab/eye) of all cats on days 0, 3, 6, 9, 12, 15, 18, 21, and 24 after inoculation with FHV-1. Swabs were placed in 1 mL of sterile 0.01M PBS solution and allowed to remain at room temperature (approx 25°C) for 2 to 3 hours before being stored at -70°C until analyzed. The DNA was extracted by use of a commercial kit e and assayed for FHV-1 and GAPDH. Quantitation of FHV-1 DNA by use of a real-time PCR assay was adapted from a previously published protocol. 16 Briefly, the 25-µL real-time PCR reaction contained 12.5 µL of a supermix, f 0.5 µL (400nM) of each primer, 0.2 µL (80nM) of double-labeled probe (6-carboxyfluorescein/ carboxytetramethylrhodamine [FAM/TAMRA]), 1.3 µL of sterile water, and 10 µL of extracted template DNA. All reactions were carried out on a thermal cycler g by use of the following conditions: 2 minutes at 50°C; 10 minutes at 95°C; and then 40 cycles consisting of a 15-second, 95°C denaturation step followed by a 1-minute 60°C annealing step. By use of a previously published protocol, 17 parallel reactions for feline GAPDH were performed on the same plate to account for variations in DNA quantity (secondary to different yields of cells during swab sample collection) in each sample. The GAPDH reaction conditions were the same as those for FHV-1 with the exception that only 5 µL of template DNA was used with a corresponding increase in the volume of sterile water (6.3 µL). Data were analyzed with the instrument software. Signals were considered positive if the fluorescence intensity exceeded 10 times the SD of the baseline fluorescence (threshold cycle). All test sample reactions were run in duplicate.
A standard curve for GAPDH-cell equivalent was generated by use of RNA isolated from Crandell-Rees feline kidney cells in the same manner as the test samples. The standard curve for FHV-1 was generated by use of a 10-fold dilution series with plasmid-generated DNA. The FHV-1 plasmid-generated DNA was prepared by use of a commercially available vector h after purification i of product obtained from a conventional PCR reaction involving the primers used in the real-time assay. All standard curve samples were run in duplicate. The log of FHV-1 DNA copy numbers per cell equivalent was determined for each sample. Because of technical difficulties, DNA extracted from samples collected on day 15 was not available for analysis.
Statistical analysis-Mean ocular and total clinical scores were calculated for the pretreatment (days 0 to 3), treatment (days 4 to 14), and posttreatment (days 15 to 24) periods for each cat. A repeated-measures ANOVA j was used to evaluate a statistical model containing treatment group, period, and the period by group interaction. If the interaction was significant (P < 0.05), the treatment effects within periods were evaluated. If the interaction was not significant, the main effect of treatment was evaluated. Median ocular and total clinical scores were also evaluated, with similar results. Least squares means for treatment effects within time periods are reported.
The statistical methods used for the viral quantification were the same as those used for the clinical scores, with the exception that the pretreatment values (days 0 to 3) were included in the statistical model as a covariate, as there were differences in the quantity of FHV-1 DNA between the treatment and control groups prior to initiation of treatment. The mean viral quantification for the 2 eyes was used in the statistical analysis. A value of P < 0.05 was considered significant for all analyses.
Results
Clinical scores-Clinical signs of conjunctivitis were noticeable by day 3 after inoculation in all cats, and treatment with cidofovir or placebo solution was initiated on day 4. The interaction between treatment period and group was significant for both ocular (P = 0.032) and total clinical scores (P = 0.03). Evaluation of the within-period treatment effects revealed no significant (P > 0.05) difference in the pre-or posttreatment periods for either of these 2 outcomes. However, during the treatment period, cats in the cidofovir-treated group had significantly lower ocular (P = 0.028) and total clinical scores (P = 0.026), compared with the placebo-treated control group (Figure 1) .
Real-time PCR assay-In the pretreatment period (after viral inoculation but prior to initiation of either treatment), the treatment group had a significantly (P < 0.05) lower viral load, compared with the control group. To account for these differences in viral load, the pretreatment values were included in the statistical model as a covariate. As determined for the clinical signs evaluation, the time-by-treatment interaction was significant (P = 0.011) for the quantification of FHV-1 DNA. Within-period evaluations revealed that during the treatment period, cats in the treatment group had significantly (P = 0.003) lower amounts of FHV-1 DNA, compared with findings in the control group (Figure 2) . During the posttreatment period, there was no difference in the amount of FHV-1 DNA between the groups (P = 0.724), and the amount of FHV-1 DNA was not significantly different from 0 for either group. Shedding of FHV-1 from the eyes treated with cidofovir ceased between days 7 and 9 after inoculation, whereas virus shedding in the placebo-treated eyes reached nondetectable levels between days 12 and 18.
Discussion
Cidofovir is a nucleoside monophosphate analog of cytosine that acts as a competitive inhibitor and chain terminator during DNA synthesis. It is a broad-spectrum antiviral medication with proven efficacy against a large number of DNA viruses including HSV types 1 and 2, human herpesvirus type 6, varicellazoster virus, cytomegalovirus, EpsteinBarr virus, and equine and bovine herpesviruses. 18 Recently, it was determined that cidofovir is also highly effective at reducing in vitro replication of FHV-1. 19 Nucleoside monophosphate analogs differ from nucleoside analogs, such as acyclovir, in that they require 2 rather than 3 phosphorylation steps to be activated. Therefore, cidofovir is not reliant on the initial phosphorylation step that is typically mediated by the virus-encoded thymidine kinase for activation within cells. However, cidofovir does require the 2 additional phosphorylation steps to be completed by the host's cellular enzymes. Both of these steps occur in uninfected cells but are accentuated in cells infected with a virus. 20 Although currently only available for IV administration, cidofovir has been formulated as an ophthalmic solution (0.2% to 1%) 10, [12] [13] [14] and used in studies 11, 12, 21 of rabbits with experimentally induced HSV-1 keratitis and for treatment of adenoviral keratoconjunctivitis in humans in clinical pilot studies. 13, 14 Although effective, antiviral medications that are currently administered topically for FHV-1 infection in cats are often irritating and require frequent administration. Systemic administration of antiviral medications may be even less suitable for treatment of FHV-1 infection. For example, acyclovir has poor bioavailability in cats and may cause toxic effects (eg, leukopenia and anemia) in some cats at subtherapeutic dosages. 22 Valacyclovir, an acyclovir prodrug, is comparatively more bioavailable in cats 22 but can cause severe adverse effects including bone marrow suppression, renal necrosis, and liver necrosis in that species. 23 The in vitro ef- Figure 1 -Mean ± SD total clinical scores determined for cats with experimentally induced primary ocular FHV-1 infection that were treated with 0.5% cidofovir solution (n = 6; dark gray bars) or 1% carboxymethylcellulose solution (6; light gray bars) in both eyes twice daily. Total clinical scores were calculated daily for 21 days beginning on day 3 after viral inoculation (day 0). Higher scores were associated with more severe clinical signs.
Figure 2-Mean ± SD FHV-1 viral quantity determined in cats with experimentally induced primary ocular FHV-1 infection that were treated with 0.5% cidofovir solution (n = 6; white squares) or 1% carboxymethylcellulose solution (6; black diamonds) in both eyes twice daily. Assessments were performed at intervals during a 24-day period after viral inoculation (day 0).
ficacy against FHV-1 of other systemic antiviral medications has been investigated, 19 although in vivo studies with these medications are lacking in the veterinary medical literature, to our knowledge. However, a recent study k revealed that the oral administration of famciclovir 3 times/d was safe and effective in cats with primary FHV-1 infection.
The goal of the present study was to assess the efficacy of twice-daily topical application of 0.5% cidofovir on experimentally induced primary ocular FHV-1 infection in cats via subjective (clinical scoring) and objective (viral quantification) methods. Despite random assignment of these cats into either the treatment or control group, the treatment group had a lower viral load, compared with the control group, in the period after inoculation but prior to initiation of treatment with cidofovir or placebo solution (pretreatment period). Although there was a difference between the amounts of virus detected between these groups, there was no difference in the severity of clinical signs during this same period. To account for these differences in viral load, the pretreatment (viral quantity) values were included in the statistical model as a covariate. Inclusion of the pretreatment values as a covariate in the statistical model adjusted the outcomes for each individual cat as if all cats had the same pretreatment value; thus, subsequent adjusted values for cats with lower pretreatment values were increased, and subsequent adjusted values for those individuals with higher pretreatment values were decreased. By use of this statistical model, twice-daily application of 0.5% cidofovir solution significantly decreased the amount of viral shedding during the treatment period. This finding combined with a significant decrease in severity of clinical disease in the cats treated with cidofovir (compared with the placebotreated control cats) during the treatment period lead to our conclusion that twice-daily application of 0.5% cidofovir solution to both eyes of cats was effective against experimentally induced primary ocular FHV-1 infection.
Some of the most intriguing characteristics of cidofovir include its long half-life and extended persistence in ocular tissues. 11, 21, 24 These unique qualities allow less frequent administration and shorter duration of treatment, compared with other antiviral medications. In a study 21 of rabbits with HSV-1-associated keratitis, administration of 0.5% and 1% cidofovir topically twice daily for only 7 days significantly decreased viral titers, severity of keratitis, and time to resolution of clinical signs, compared with other antiviral medications that were administered as many as 5 times/d. The long intracellular half-life of cidofovir seemed to translate to its prolonged antiviral activity in the cats treated in the present study. After only 9 days of treatment with cidofovir, virus was not detected in any of the treated eyes, and there was no rebound of FHV-1 replication or increase in severity of clinical signs of conjunctivitis after cessation of treatment on day 10. Shedding of FHV-1 from eyes treated with cidofovir ceased between day 7 and 9 after inoculation, whereas amounts of virus in the placebo-treated eyes reached nondetectable levels between day 12 and 18. Whether this difference is attributable to cidofovir's antiviral effect or to the initial difference in viral load cannot be determined.
To the authors' knowledge, there have been no reports of systemic adverse effects associated with application of cidofovir in eyes; however, several local adverse effects have been described. 12, 13, 24, 25 Although administration of 1% cidofovir solution has resulted in superficial punctuate keratitis in some rabbits, no adverse effects were detected after administration of a 0.5% cidofovir solution. 12 In another study, 24 some rabbits developed punctal stenosis with delayed onset of lacrimation 10 to 20 days after administration of cidofovir. Although other topically applied antiviral medications (idoxuridine, trifluridine, and vidarabine) have been reported to cause punctal stenosis, 26 specific anatomic and physiologic features of rabbits (ie, single punctum, slow tear turnover, and low blink rate) may have also contributed to the development of this adverse effect. 24 Frequent and prolonged ophthalmic application of cidofovir (2.5 mg/mL, q 2 h for 2 weeks, then q 4 to 8 h for 4 additional weeks) in a human with conjunctival squamous cell carcinoma resulted in cicatrization of the inferior punctum 6 months after treatment. 27 The possible relationship between topical administration of cidofovir and nasolacrimal duct obstruction cannot be determined from these isolated reports; however, further investigation into this possible adverse effect in cats is indicated. A specific cause-and-effect relationship may be difficult to determine in cats infected with FHV-1 because severe conjunctivitis has also been implicated as a cause of cicatrization of the nasolacrimal puncta in cats. 6 Topical application of cidofovir can cause decreased intraocular pressure in guinea pigs 25 ; however, it does not affect the intraocular pressure of rabbits. 10 Major ocular or systemic toxic effects associated with administration of 0.2% cidofovir in humans were not detected, 14 but in a subsequent study, 13 a dose-dependent local toxic effect (conjunctivitis and erythematous eyelids) was evident when 1% cidofovir was administered. To reduce potential adverse effects in the present study, we chose to administer 0.5% cidofovir solution in both eyes of cats in the treatment group twice daily for 10 days. No systemic or local adverse effects were detected, although the eyes were not evaluated for changes in intraocular pressure or development of corneal ulcers. All of the cats were monitored for at least 1 year after the conclusion of our study, and although nasolacrimal patency was not confirmed with a Jones test in all cats, none of them developed chronic epiphora indicative of nasolacrimal duct obstruction.
Presently, FHV-1 conjunctivitis often goes untreated because the treatment is perceived by the owners and veterinarians to be worse than the disease. On the basis of the findings of our experiment, cidofovir appears to be an effective antiviral agent against experimentally induced primary ocular infection with FHV-1 in cats and requires less frequent administration than many other medications. However, its potential local adverse effects such as ocular hypotonia and nasolacrimal duct obstruction have not been investigated in cats, and the efficacy of the drug in cats with naturally occurring primary or recrudescent FHV-1-associated disease has yet to be elucidated. We believe that such investigations in cats are warranted. 
